ABSTRACT In vertebrates, several genes which are differentially expressed in various species, have been implicated in sex determination and gonadal differentiation. We used immunolocalization to study the expression pattern of three proteins AMH, DMRT1, RSPO1 involved in the sexual differentiation of gonads. The pattern of AMH, DMRT1 and RSPO1 expression was analyzed in X. laevis and in five other divergent anuran species: Bombina bombina, Bufo viridis, Hyla arborea, Rana arvalis and Rana temporaria during gonadal development. The pattern of expression of AMH in the developing testes of six studied anuran species was similar to that described for other vertebrates. AMH was strongly expressed in differentiating Sertoli cells. Interestingly, in B. viridis, R. arvalis and R. temporaria, AMH was also expressed in ovaries. In all studied species, DMRT1 was highly expressed in the developing testes, in both the somatic and germ cells. It was also expressed at low level in ovaries in all studied species, with the exception of H. arborea. RSPO1 was expressed in the developing ovaries, especially in the somatic cells, and was almost undetectable in developing testes in all examined anurans. These developmental expression patterns strongly suggest an involvement of AMH and DMRT1 in the development of male gonads and of RSPO1 in the female gonads. The differences in the expression patterns of these proteins in the gonads of different species might reflect the diversity of gonadal development patterns in anurans resulting from long lasting and diverged paths of their evolution.
The differentiation of the gonads into the ovaries or testes depends on the expression of sex determining genes. Due to their expression in the developing ovary, the germ cells differentiate into oogonia surrounded by follicular cell precursors (Witschi, 1929) . In males, differentiating Sertoli cells enclose the germ cells, forming the testis cords. Within the cords, male germ cells transform into spermatogonia. In majority of vertebrates, the differentiating Sertoli cells express the AMH (anti-Müllerian hormone). The AMH belongs to the TGF family and is a growth factor which acts as a paracrine or endocrine factor (Cate et al., 1986; Behringer et al., 1994) . In the fetal testes, AMH is produced in Sertoli cells from where it diffuses and promotes cell apoptosis in Müllerian ducts leading to their degeneration in males. Moreover, AMH is expressed in the granulosa cells in the ovarian follicles, inhibiting the growth of the latter (Vigier et al., 1984) . The expression pattern of AMH has never been described in amphibians (Dumond et al., 2008) .
Dmrt1 (doublesex and mab-3 related transcription factor 1) is another gene involved in male sex development in vertebrates and invertebrates (Raymond et al., 1998; Smith et al., 2009) . The DMRT1 protein is a transcription factor and contains a zinc finger DNA-binding domain (DM domain) (Raymond et al., 1998) . In vertebrates, a null-mutation in Dmrt1 results in partial or complete sex reversal, and some studies imply the existence of interspecific differences in the function of DMRT1 (Raymond et 892 R.P. Piprek et al. which correspond to the differentiating Sertoli cells. AMH was not detected in developing ovaries (Fig.1C) .
In the rest studied anuran species AMH signal was high in developing testes (Supp. Table S2, Supp. Fig. S1 ). Slight signal was also visible in the undifferentiated gonads of studied species besides B. viridis and H. arborea. AMH was also present in the developing ovaries of B. viridis, R. arvalis and R. temporaria, however, the signal was definitely not so intensive as in the testes.
DMRT1
Immunohistochemical localization of DMRT1 showed that this protein was up-regulated in the male gonads in all studied anuran species (Supp. Table S3 ). In X. laevis DMRT1 had very low level of expression in undifferentiated gonads (Fig.1E ) and the expression increased in the developing testis after Nieuwkoop stage 52 (Fig.1F) .DMRT1 was present in the whole male gonads, in both somatic and germ cells. In developing ovary the DMRT1 signal was very weak (almost undetectable; Fig.1G ).
In all studied anuran species, DMRT1 signal was highest in the developing testes (Supp. Fig. S2 ). It was also visible in the undifferentiated gonads of R. arvalis and R. temporaria and in the developing ovaries in all studied species but not in X. laevis and H. arborea.
RSPO1
Immunohistochemical studies using antibodies anti-RSPO1 revealed presence of RSPO1 protein in mesonephroi and gonads of all studied species with the strong up-regulation during the ovarian development (Supp. Table S4 ). In X. laevis RSPO1 was undetectable in the undifferentiated gonad (Fig.1H) . Its signal slightly increased during testis differentiation (Fig.1I) . In contrast in developing ovaries (from Nieuwkoop stage 52) a strong signal was observed in the cortex and medulla in the oogonial cells and somatic cells (Fig.1J) . The strongest signal was visible in somatic cells covering the ovary. Smith et al., 1999) . In all examined vertebrates Dmrt1 is expressed in precursors of Sertoli cells associated with developing male gonads and participates in male sex determination and/or differentiation.
The main agents involved in female sex determination in mice are the growth factors WNT4 and RSPO1 (Bernard and Harley, 2007; Chassot et al., 2008; Piprek, 2009 ). WNT4 inhibits b-catenin degradation allowing it to migrate into the nucleus and influences gene expression. The secreted factor RSPO1 amplifies the WNT signaling by stabilizing b-catenin intercellulary (Kim et al., 2006) . Its null-mutation in human causes complete female-to-male sex determination indicating its primary role in sex determination (Parma et al., 2006) . In mouse or chicken, RSPO1also participates in ovarian development (Chassot et al., 2008; Smith et al., 2008) .
Sex determining genes have been well studied especially in mice, however, remain obscure in other vertebrates. In amphibians, the expression of Dmrt1 was examined by RT-PCR in Xenopus laevis (Osawa et al., 2005; Shibata et al., 2002) and in Bufo marinus (Abramyan et al., 2009) , and by immunolocalization in R. rugosa (Aoyma et al., 2003) . To obtain a broad perspective on the immunolocalization of chosen genes in Anura and their potential relation to sexual development, we included species of two basal lineages, Bombinatoridae (Bombina bombina) and Pipidae (Xenopus laevis) as well as species belonging to two most derived sister clades Bufonoidea (Hyla arborea, Bufo viridis) and Ranoidea (Rana temporaria, Rana arvalis) (Roelants et al., 2007) . These species differ in their heterogametic status and developmental timing of gonad differentiation pathway.
Results

Amino acid sequence and antibody specificity
To evaluate the specificity of antibodies used in our study to identify anuran proteins we compared the amino acid sequences of human proteins AMH, DMRT1 and RSPO1 with sequences from . Table S1 ).
Immunohistochemical analysis AMH
The AMH presence in the gonads was dependent on the developmental stage and sex of the gonad. The signal intensity of AMH immunolocalization is presented in Supp. Table S2 . In X. laevis AMH was hardly detectable in the undifferentiated gonads (Neuwkoop stage 47-50, Fig.1A ). At Neuwkoop stage 52, a strong signal of AMH was observed in somatic and germ cells of the differentiating testis (Fig.1B) . However, the highest signal was evident in the somatic cells within the testis cords, In other anuran species, RSPO1 was not detected in the undifferentiated gonads as in X. laevis, moreover, this protein was detected in the germ cells in developing testes in all studied species besides R. arvalis and R. temporaria (Supp. Fig. S3 ).
Discussion
Our study showed that in all examined species AMH, DMRT1 and RSPO1 were expressed in gonads where their expression was sexually dimorphic. The onset of such a sex-dependent expression was established during the sexual differentiation of gonads that overlaps with the period of sex determination. Before this stage, the gonads were undifferentiated and the tested genes potentially involved in sex determination or gonadal differentiation were expressed at undetectable or a very low level.
AMH
The AMH protein was found in fish, reptiles, birds, marsupials and placental mammals where it is responsible for the disappearance of Müllerian ducts in males (Cate et al., 1986; Josso et al., 1993) . A functional AMH has never been identified in amphibians. Only GenBank database indicated the presence of 'Predicted Müllerian-Inhibiting Factor' (XP_004911480.1) in X. tropicalis genome. However, it was unclear if this protein exists in amphibians. Nevertheless, the sexually dimorphic pattern of this protein localization identified in our study and its up-regulation in the developing testes suggest its homology to AMH of other vertebrates.
In our study the expression of AMH was highly up-regulated in the male gonads. We observed the expression of AMH in the somatic cells of the testis cords which are most probably differentiating Sertoli cells. AMH signal, however very low, was also visible in the undifferentiated gonads of anurans, i.e. before sexual differentiation of gonads. The onset of AMH expression before the sexual differentiation of gonad was frequently observed among vertebrates, e.g. in medaka (Oryzias latipes), and zebrafish (Danio rerio), the red-eared slider (Trachemys scripta), the American alligator (Alligator mississippiensis) and the chicken (De Santa Barbara et al., 1998; Oreal et al., 1998; Arango et al., 1999; Western et al., 1999; Rodriguez-Mari et al., 2005; Klüver et al., 2007) ; however, in mice AMH is expressed after the onset of testis differentiation (Münsterberg and Lovell-Badge, 1991). Importantly, we also detected the expression of AMH in ovaries, which has been observed also in other vertebrates, such as mouse, rat, human, zebrafish and medaka, and the role of this protein in germ cells is unknown (Grootegoed et al., 1994; Baarends et al., 1995; Weenen et al., 2004; Klüver et al., 2007; Rodriguez-Mari et al., 2005) . In human ovary, AMH functions in initial and cyclic follicle recruitment in follicular cells (Weenen et al., 2004) . This suggests that in amphibians, similar to fishes and mammals, AMH function is not restricted to testis development.
DMRT1
We showed that the DMRT1 protein was observed in the undifferentiated gonads of anurans at least at a low level and then its concentration increased in both male and female developing gonads and the expression was significantly higher in the testes. The strong signal of DMRT1 was characteristic for both the somatic and germ cells of the developing testes. Previous studies showed that DMRT1 was observed in the Sertoli and interstitial cells in the testes of the frog Rana rugosa as in our study, but it was not detected in undifferentiated gonads or the ovaries of this frog, which is opposite to our findings in other anuran species (Shibata et al., 2002; Aoyma et al., 2003) . In Bufo marinus expression of DMRT1 was shown previously for ovaries and testes especially during the sexual differentiation of gonads, however, no data were provided for the undifferentiated gonads (Abramyana et al., 2009) . In X. laevis DMRT1 and its orthologue DMW were detected in the undifferentiated and then, during the sexual differentiation of gonads, the expression of DMW disappeared and the expression of DMRT1 was maintained in somatic cells of the testis (Yoshimoto et al., 2010) . Osawa et al., (2005) showed that in X. laevis theDMRT1is expressed at a much higher level in testes than in ovaries, which agrees with our findings. Bewick et al., (2010) found that in X laevis, DMRT1 is present in two isoforms and showed that these two isoforms may be located in different sex gonads or may appear at different developmental tags.
The pattern of DMRT1 expression in anurans is similar to its expression in other vertebrates. It was observed in the testes and ovaries of zebrafish with the higher expression in the male gonads (Guo et al., 2005) , whereas in the rainbow trout (Oncorhynchus mykiss) DMRT1 was expressed only in the male gonad (Marchand et al., 2000) . In reptiles such as the red-eared slider, the mugger crocodile (Crocodilus palustris) and the American alligator, DMRT1 was detected in the undifferentiated gonads, then was up-regulated in the testis and disappeared in the ovary (Murdock et al., 2003; Anand et al., 2008; Smith et al., 1999) . In mammals DMRT1 is equally expressed, at a low level, in the undifferentiated XX and XY gonads in both somatic and germ cells and then its level rises in the developing testis, in the Sertoli cells and spermatogonia, but it disappears from somatic cells and oocytes in the developing ovaries (Lei et al., 2011) . This protein is always present in the male gonads, but in some vertebrates such as Oncorhynchus sp., crocodile, alligator and mouse, it is lost from the ovaries. It can be assumed that DMRT1 is responsible for the differentiation of the Sertoli cells and is involved in the maintenance of the undifferentiated state of the germ cells in all vertebrates including anurans.
RSPO1
RSPO1 (R-spondin1) is a secreted activator protein encoded by the Rspo1 gene, a member of the R-spondin family (Strausberg et al., 2003) . Our study showed a low concentration of this protein in undifferentiated anuran gonads similarly, to the zebrafish, the chicken and the red-eared slider (Smith et al., 2008; Zhang et al., 2011) . RSPO1 was significantly up-regulated in the developing ovaries in anuran species studied by us. A sexual dimorphism of RSPO1 expression was very evident and similar to the situation in other vertebrates, the protein displayed a higher concentration in ovaries than in testes. During the sexual differentiation of gonads in anurans, a significant increase in RSPO1 level was observed especially in somatic cells differentiating into follicular cells within the developing ovaries, but also in the oogonial cells. The expression of RSPO1 is high in the developing ovaries in zebrafish, red-eared slider, chicken, goat, mouse and humanespecially in cytosol and nuclei of oogonia, oocytes, granulosa (follicular) and theca cells (Kocer et al., 2008; Smith et al., 2008; Tomaselli et al., 2011; Zhang et al., 2011) . Our study shows that the pattern of RSPO1 expression is related to the ovarian development and this relation is evolutionary stable among vertebrates.
Conclusions
The anurans AMH orthologues detected in this study were expressed in the developing testes of analyzed species, especially in the differentiating Sertoli cells, as well as in many ovarian cells, which is similar to some other vertebrates.DMRT1 expression was higher in the developing testes and characteristic for both the somatic and germ cells, but a low concentration of this protein in some species was also observed in the ovaries. The higher expression of DMRT1 in anuran testes is similar to other vertebrates, implying a conservative role of the protein in the testis development.
RSPO1 was significantly expressed in the developing ovaries of all examined anurans, especially in the somatic cells. This implies the common role of RSPO1 in the ovarian development in vertebrates. In spite of many similarities between the six species, our analysis showed numerous spatiotemporal differences in RSPO1 expression among the gonads of examined anuran species as well as dissimilarities in comparison to other vertebrates. This suggests that different potential roles and regulative interactions between sex-determining genes take place in vertebrate species. It also reflects the long-term, independent evolution of these anurans among which the first branches separated 200-250 MYA (Roelants et al., 2007) .
Materials and Methods
Animals
Eggs of Hyla arborea, Bufo viridis, Rana temporaria and R. arvalis were collected in the wild in the vicinity of Bielsko-Biała (Pogórze Śląskie, Poland) and eggs of Bombina bombina near Miechów (Wyżyna Miechowska, Poland). Larvae of Xenopus laevis were obtained in the laboratory following in vitro fertilization. All specimens used in the study were acquired according to Polish legal regulations concerning the protection of wild species (Dz. U. nr 33, poz. 289, 2005) . We obtained permission from the Polish Ministry of Environment Protection and Forestry and approval from the I Local Commission for Ethics in Experiments on Animals. Tadpoles of X. laevis were staged according to Nieuwkoop and Faber (1956) while the other species were staged according to Gosner (1960) . Tadpoles were anesthetized with MS-222 solution at the sampling points (Supp . Table S5 ).
Immunohistochemistry
Dissected gonads with adjacent tissues (mesonephroi, interregnal glands) were fixed in Bouin's solution and embedded in paraplast (Sigma, Poznan, Poland). Sections were processed as previously described (Piprek et al., 2013) . We used rabbit polyclonal antibodies against three human proteins: DMRT1, AMH (both Santa Cruz Biotechnology) or RSPO1 (Abcam) (Supp. Table S1 ). Goat anti-rabbit secondary antibodies conjugated with AlexaFluor488 (Molecular Probes) in dilution 1:200 were used. The gonadal sex was recognized by the distribution of germ cells (large cells with pale nuclei) and the presence of the cortex and medulla.
